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ABSTRACT—Simplified models are developed for radiative
heating and cooling and for ozone photochemistry in the
region 22-61 km. The latter permit the inclusion of
nitrogen and hydrogen reactions in addition to simple
oxygen reactions. The simplicity of the scheme facilitates
the use of a wide variety of cooling and reaction rates. We
also consider determination of temperature and composi-
tion as a joint process. It is shown that joint radiative-
photochemical equilibrium is appropriate to the mean
state of the atmosphere between 35 and 60 km. Equilibrium
calculations are then used to show that hydrogen reactions
are important for ozone and temperature distributions
primarily above 40 km while nitrogen reactions are im-
portant primarily below 50 km. Comparisons with ob-
served distributions of temperature and ozone suggest
the need for water vapor mixing ratios of from 1-5X10-%

and mixing ratios of (NO;+NO) of from 3-10X10~8% at
the stratopause. At 35 km, a mixing ratio of (NO;+NO)
of about 3 10-¢ is indicated. The precise values depend
on our choice of reaction and radiative cooling rate co-
efficients, and the simple formulation permits the reader
to check the effect of new rates as they become available,

The relaxation of perturbations from joint radiative-
photochemical equilibrium is also investigated. In all
cases, the coupling between temperature-dependent ozone
photochemistry and radiation lead to a reduction of the
thermal relaxation time from its purely radiative value.
The latter, which amounts to about 10 days at 35 km
and decreases to about 5 days at 50 km, is reduced to
3-7 days at 35 km and to 1.5-2.5 days at 50 km. This
greatly enhances the dissipation of waves .traveling
through the stratosphere.

1. INTRODUCTION

The equilibrium temperature in the stratosphere is
determined by the approximate balance between heating
due to absorption of solar ultraviolet energy by ozone
and cooling due to infrared emission by the 15-pm band
of carbon dioxide. [A certain amount of cooling also is
due to O; 9.6 um emission, but this cooling is consider-
ably less than that due to the 15-um band of CO, (Murga-
troyd and Goody 1958).] The rate of energy absorption
and, therefore, the temperature depend on the ozone
density.

Production of ozone is by the reaction

0+0:+M—-0;+M, (1)
which is markedly temperature dependent. This coupling
between temperature and ozone density indicates that the
relaxation time of a temperature perturbation should not
be that due to carbon dioxide cooling alone but should be
that due to carbon dioxide cooling modified by the effects
of photochemistry.

Lindzen and Goody (1965) have calculated the thermal
relaxation time for carbon dioxide cooling coupled with
photochemical effects for a pure oxygen atmosphere.
Since these calculations were made, the rate constants
for pure oxygen reactions have been questioned, and
alternative ones have been proposed. In addition, it now
seems that reactions involving nitrogen and hydrogen
compounds may be significant in determining the ozone
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distribution in the stratosphere (Hunt 1966, Leovy 1969a,
Crutzen 1971); and such reactions, therefore, should be
included in the photochemical model. Most of the rates
for reactions involving hydrogen compounds are not tem-
perature dependent; there is, therefore, a question as to
the influence of these reactions on the coupling between
ozone density and temperature. It has been suggested
(Leovy 1969) that, if the hydrogen reactions are domi-
nant in determining the ozone density, the appropriate
thermal relaxation time is just that due to cooling from
the 15-um carbon dioxide band. As we shall show, this
is untrue since relation (1) (i.e., the reaction O+0,+M—
0;+M) remains important in all schemes.

Cooling due to infrared emission by carbon dioxide
and modified by photochemistry acts as damping on mo- -
tions in the stratosphere. The time scale for this damping,
which may be represented as Newtonian cooling, is
simply the thermal relaxation time scale. As Dickinson
(1969) shows, internal Rossby waves (excited in the tro-
posphere) could carry large amounts of energy up to the
lower thermosphere unless this time is much less than 10
days, 5-10 days being the approximate time scale for
unmodified CO,; 15 pm cooling. Thus, the effects of
photochemistry on this time scale could be crucial.

In tais paper, we shall investigate the effect of photo-
chemistry on the cooling rate for the height range 22-61
km. A simplified photochemical model that is suitable for
this height range and that includes reactions involving
nitrogen and hydrogen compounds is developed in section
2. The temperature equation for this photochemical
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model is obtained in section 3. Vertical distributions of
constituents and temperature for radiative-photochemical
equilibrium are discussed in section 4. Linearized equa-
tions for the photochemistry and temperature are found in
section 5 as are the relevant time scales for photochemical
and thermal relaxation. Conclusions are presented in
section 6.

‘Many reaction rate constants are uncertain by as much
as an order of magnitude, so a wide range of values is
used. Because mixing ratios for water vapor and nitrogen
oxides are uncertain, several distributions are used. For
the range of rates and ratios used, we found that including
photochemistry reduces the thermal relaxation time scale

above 35 km from the value appropriate when only -

infrared emission by carbon dioxide is considered. Further-
more, the minimum value for the thermal relaxation
time scale nearly always occurs at a height between 45
and 50 km, with a secondary minimum at a height
between 28 and 40 km. Finally, the minimum value for the
thermal relaxation time scale is always 1/3 to 1/2 of that
found at the same height when the photochemistry is
ignored.

We also found that equilibrium distributions of tem-
perature and ozone density vary with the different rate
constants and ratios assumed. At the stratopause, re-
laxation time scales are short enough (approx. 90 min for
ozone and a few days for temperature) that the equilibrium
temperature should be close to the observed temperature
of approximately 270°K (Valley 1965, Theon and Smith
1971). We attempt to match the observed temperature
rather than the observed ozone densities, since the former
is better determined than the latter between 35 and 61 km.

Our results show that neglecting nitrogen and hydrogen
reactions leads to the prediction of excessive tempera-
tures between 35 and 61 km. The prediction of observed
temperatures between 50 and 61 km calls for water vapor
mixing ratios of from 1-5X10~% depending ¢n the reaction
rate constants used. A mixing ratio for total nitrogen
oxides (NO+NO,) of 3X 1078 produces correct tempera-
tures from 35 to 50 km. All such estimates depend on our
choice of reaction and cooling rate coefficients, but the
dependence has been specified in a simple manner.

2. PHOTOCHEMICAL MODEL

As many as 80 different reactions have been considered
for an atmosphere consisting of nitrogen, hydrogen,
oxygen, and their compounds (Hunt 1966, Shimazaki
and Laird 1970, Crutzen 1971). For many problems,
the full set of reactions may not be needed, and a much
shorter set can be used for the photochemical model.
It should be apparent that the simplified photochemical
model developed in this section may not be the most
suitable one for all problems.

For the current problem, we are interested primarily
in the vertical distribution of ozone, the reactions that
determine this distribution, and the temperature depend-
ence of such reactions for the height range 22-61 km.
Many reactions are important in only limited height
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ranges. Reactions that are important only above 61 km
or below 22 km are not retained. The list of reactions
retained is in table 1.

For each constituent found in table 1, it is possible
to write a continuity relation

d""+ntv V=5,— @)

where d/dt is the substantive derivative 9/dt+V-v, V
is the velocity vector, and n,, S,, and L; are the number
density, source term, and loss term, respectlvely, of the
constituent %

[=0(0¢P)),0%(0('D)),HO,, OH, H, H,0, H,0,, HNO,,
HNO,, NO, NO,, and NO,].

Below 70 km,
M1 (3)

m

where n,, is the molecular number density; therefors,
the continuity equation for n,, becomes

ditnm+n,,,v-V=0. (4)

Substituting eq (4) into eq (2) yields

I

() sz,
dt Ny (5)

The ratio n,/n, for a constituent ¢ is referred to as its
mixing ratio.

The photochemical model now consists of 13 continuity
equations of the form of eq (5). There are several relations
among the constituents that will further simplify the
model. Some of these relations have been pointed out pre-
viously (Diitsch 1968, Leovy 1969, Crutzen 1971).

Since below 61 km less than 1 percent of the H,0O
molecules are dissociated in a day by reactions 3 and 8
(table 1), the mixing ratio of water vapor at a given height
may be considered constant. Also, the adjustment time
for equilibrium of O* is

tO*) =(km,,) 11075
and that for H is

8(H) = (nomnkse) < 4s.

Both of these constituents may be considered in equilib-
rium with concentrations

Q37
Noy = I::n:a (6)
and
nonnboks
=, : 7
e noznmkm’{“noskzv @



TaBLE 1.—Reaction rates that defermine the vertical distribution of ozone as used in the photochemical model developed and described in this paper

Reaction Rate Source
1 Op+hv—0+0 ¢(A<2460 A See text.
28 Oz hy—0-0, 3:4(3100 A<A<11000 &) See text.
2b O3+ hr—0%+0; :5(A <3100 A) See text.
3 H,0+hv—H-+0H qm0(A 2400 R) See text.
4 NO+hw—NO+0 w0, (N 3975 &) See text.
5 04+0:4+M—-0:+M ks See table 2.
6 040;-20, ke See table 2.
7 O*}+M-0+M ki=5X10"1 Zipf (1969)
8 O0*+H,0-20H ksg=3X10-10 Paraskevopoulos and Cvetanovic (1971)
9 OH+0-H+40, ky=5X10"1 Kaufman (1969)
10 H+0;+M—-HO;-+ M kio=4X10"% Kaufman (1969)
11 HO;+0—OH+ 0O, kn=5x10"1 Nieolet (1970)
12 OH-+03-HO:4-0; k1p=1.3X10"12 exp (—950/T) Anderson and Kaufman (1973)
13 OH+4+O0OH-H,0+0 ki3=1.38X 101 exp (—500/T) Schofield (1967)
14 OH4+HO,—»H,04 0, kyy=2X 1010 Hochanadel et al. (1972)
15 HO,+NO—OH4NO, kis=3X10"12T¥2 exp (—1250/T) Nicolet (1970)
16 NO;+0—-NO+0, kis=9.1 X101 Davis et al. (1973)
17 NO+0;-NO0;+0, k17=9.0X 1013 exp (—1200/T) Herron and Huie (1972)
18 NO;+0;—=NO;+0; kis=10"1 exp (—3500/T) Johnston and Yost (1949)
19 NO;+OH+M-HNO+:M k1s=1.12X 103 exp (900/T) Anderson, Margitan, and Kaufman (1973)
20 NO4+OH+M-HNO;+M kzo="k10 See text.
21 HNO;+0—-NO;+0H - kg <101 Morris and Niki (1971)
22 HNO;+0—-0H-+NO; s =1l See text.
23 NO;+NO—2NO, kos=10"11 Berces and Forgeteg (1970)
24 HO;+HO:—»H0,+0; k2q=3.3X10~12 Foner and Hudson (1962)
Paukert and Johnson (1972)
25 Hy0;+hv—20H gry0,(A <5650 R) Holt et al. (1948)
26 H,0,+0H-H,0+HQ, kos=4X10"13TV2 exp (—600/T) Greiner (1968)
27 HA403—-0H4+ 0. kay=1.5X10"1271/2 Phillips and Schiff (1962)
28 HNO;+hr—OH+NO, guNo, (A 6000 ) Schmidt et al. (1972)
29 HNO;+hv—OH+4NO QHNO: See text.

TaBLE 2.—Reaction rates used for the pure oxygen reactions (§ and 6)

2n table 1

Set 1:

k5;=1.2X10-% exp(1000/7T)
ky=2.0X 10~ exp(—2395/T)

Set 2:

ks=8.0X10-% exp(445/T)

When the reactions involving O and O; are considered,
it is apparent that the dominant reactions involve inter-

conversion between O and O;. The ratio

}Schiﬁ (1969)

Rlz_@zq."sa“‘q:;b - (9)

Tio, noznmks

1
ks =5.6 5 10-11 exp(——2850/T)jBenson and Axworthy (1965)

Set 3:
ks=1.0X107% exp(510/T) Huie et al. (1972)
ke=2.0X 101 exp(—2410/T) Garvin (1972)

As Leovy (1969) indicates, eq (7) means that, when reac-
tion 27 is small compared to reaction 10, the atomic hy-
drogen produced in reaction 9 is destroyed so rapidly by
reaction 10 that the two reactions may be replaced by
the single reaction

OH-+0—HO, )

with the reaction rate k,. This approximation is valid
below 40 km; but at 40 km, about 10 percent of the ozone
destruction due to hydrogen reactions is by reaction 27.
Above this height, reaction 27 becomes increasingly
important, accounting for about 20 percent of the total
ozone destruction at 61 km. Thus, if reaction rates are

significantly altered, reaction 27 could become a major
one. B

has an adjustment time,
t(Rl) = (qaa+43b+ nOank5)_l< 10? 5,

which is short compared to other time scales of interest;
therefore, eq (9) remains valid. Similarly, the reactions
involving interconversion between HO, and OH are
dominant among those involving these two constituents.
Below 40 km, where relation (8) (i.e., the reaction OH-+
0—HO,;) may be used,

-
NHO, nok9+n03k12

==y 10

" non noku'f‘nnokls’ ( )
which has an adjustment time of

| t(RZ) = (n0k9+no3k12+nokn+nNok15)_l< 100 s.
Above 40 km, '
o ' oo, Mok + Nanoyk
= , 11
Nour n0k9 ( )
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and
nanoznmklo+nonnosk12

1
ok ( 2)

nH02

which have adjustment times

t(OH) = (nokg)—1< 15s
and

t(HO:) = (noku) <15 s.

Therefore, when eq (7) is used in eq (12), the resulting
ratio is

Nmo, ko ( Nogkyr \~! ks
= . 13
R Tvom kl 1 ! ”boz’nmk 10 Biky (13)

The term kyp/Bik;; in eq (13) becomes negligibly small
above 45 km. Finally, by similar arguments, one gets a
ratio,

Mo nok15+9N02

’ﬂno2 'n»oak 17

By= (14)

which has an adjustment time
t(R3) = ('nokls+ qno2+n03k17)“<200 s.

The three constituents, HNO;, HNO,, and NO,, are
approximately in equilibrium with values of

ko, Nor

= , 15
nHN03 kzl o + qHNO3 ( )
_ k2T Nornno (16)
PENO, ™ fpimo+ gano,
and
Ty = k21nonnNo3 +k 18M50,M0g a7

kynno

Their adjustment times are:

t(HNO,) = (kano+ ganos) <108 s,
(HNO;)<10°—10% s (below 35 km),
and

t(NOa) = (kzanNo)_l<2 X 10% s.

These times may be sufficiently long for the use of equilib-
rium values to be questioned.

The longer time scales for HNO; are based on HNO;
absorption measurements by Dalmon (reported by
Schmidt et al. 1972) while the shorter time scales are
based on measurements by Schmidt et al. (1972). If the
smaller time scales apply, then the densities of HNO,
and HNO, estimated by eq (15) and (16) are small enough
relative to the densities of NO, NO,, OH, and HO,
to indicate that HNO; and HNOQ, are of minor importance
in determining the vertical distribution of Q;. Similarly,
the NO, density estimated by eq (17) is small enough
to be neglected in determining the vertical distribution
of O;. On the other hand, if the actual time scales for
HNOQO; and HNO, are closer to the larger values indicated,

786 / Vol. 101, No. 11 / Monthly Weather Review

then (below 35 km) the available NO and NO, are grad-
ually converted to HNO; and HNO,. Since reactions
involving NO and NO, (reactions 16 and 17) are much
more important to the ozone distribution than those
involving HNO, and HNO; (reactions 21 and 22), this
conversion means the odd nitrogen is gradually converted
below 35 km to forms that do not affect the ozone distri-
bution significantly. Then HNQ,; and HNO, diffuse
upward and downward from the lower stratosphere
where they are formed. Since the photodissociation rate
of HNOQ; increases with height, the HNQ, that diffuses
upward will eventually be dissociated, thereby increasing
the NO, and affecting the ozone distribution at the
height where dissociation occurs. The effect of the approxi-
mations found in eq (15), (16), and (17) are discussed
further in section 4.

The total odd nitrogen density is the sum of the densities
of NO, NO;, NO;, HNO,, and HNQ,. Since the list of
reactions in table 1 does not contain sources or losses for
the total odd nitrogen density, the continuity equation is

d (ot NnostNno, + N0, +1Exo,)

dt N =0; (18)

or using eq (15), (16), and (17) in eq (18), one obtains

d (Aot nuo,)

G =0 (19)

Two sources of total odd nitrogen in the region 22-61 km
are considered to be downward diffusion of NO from above
70 km where it is formed and the upward diffusion of
N,O from the troposphere, which is then destroyed by

the reaction
N,0+0*—-2NO (20)

with a rate £ = 9X10™" e¢m®/s (Donovan and Husain
1970). The mixing ratio of N,O is 2.5X 1077 at the tropo-
pause and apparently decreases with height (Schiitz et al.
1970). If we estimate the mixing ratio of NO+NO,
as 107%-10"7 (Junge 1963, Barth 1966, Pearce 1969), then
the time scale for an increase in odd nitrogen density due
to the two sources described is estimated to be several
weeks. The possible losses to the odd nitrogen density are
downward diffusion of the constitutents or conversion to
N.O; followed by downward diffusion of that constituent.

Rather than try to include the source and loss terms
for the odd nitrogen concentration, we have demded to use
eq (18) or, equivalently, to set

Tixo+ Rno,
N

=K (21)

where K is & mixing ratio that is constant in time but a
possible function of height. This highly simplified treat-
ment of the nitrogen constituents may be justified on the
grounds that we are not seeking a detailed time and height
distribution for each nitrogen constituent but are trying to
evaluate the importance of the nitrogen reactions to the
distribution of ozone. A more detailed study of the dis-



tribution of odd nitrogen compounds may be found in
McConnell and McElroy (1973).

The constituent H;0, is produced in reaction 24 and
destroyed in reactions 25 and 26. The net result is the
loss of HO, back into H,O. This conversion also occurs
in reaction 14. If reactions 24, 25, and 26 are neglected,
the result is that the calculated sum, nom+7mo, Is too
large. However, the change in the sum 7on+nmo,,
occurring when these reactions are ignored, is significant
only below 35 km. We will show in sections 4 and 5
that the reactions involving hydrogen are significant
only above 40 km. Therefore, reactions 24, 25, and 26
are to be neglected.

The constituents O*, H, HNO;, HNO,, and NO,; are
considered to be in equilibrium [eq (6), (7), (15), (186),
and (17)]; and the water vapor mixing ratio is considered
constant in time while H,0, is neglected. Therefore,
the continuity relations [eq (5)] are needed for only the
six consitituents, O, O;, NO, NO,, HO, and HO, By
using eq (9), (10), and (14), we reduce the six continuity
relations to three:

& (11 R)¢p=C—A#—Boy—FXs, (22)
& (14 R)y=Do+G—Eg, (23)
and
2 1Ry x=0 (24)
where
_Tog
d’— ',,;L'x
_Tom
="
and
_ Tiwo,
=—H
with
Oy
C= 212 ;7,:’ (25)
A=2R1k5n,,,, (26)
B=(leg+Rleku+k12)nm Z_<_4O km, (27)
mk -
B Ribt-Rubtr+ By (1220222
noakz7
+k12] Tom 2240 km, (28)
F= (2R1k16+k18)nm’ (29)
__2]6‘87&320(1”
D———TmT— (30)
2 1)
G— anfm 1120’ (31)
and
E=2(ks; FRok1s) M. (32)

Using eq (13) in eq (28), we get

B=2(Riky+kis)n,. (33)

s

Had we formally retained eq (27) above 40 km, then we
would also obtain eq (33) as an approximation. Thus
eq (27) may be used at all heights with only small errors.
As with eq (13), ky; in eq (33) may be neglected above
45 km,

Equations (6), (7), (9)-(17), and (22)~(32) together
with the reaction rates in table 1 comprise the photo-
chemical model to be used in sections 3, 4, and 5.

3. ENERGY RELATION

The energy relation is

ar
pey —(—i?r—S—{—pv -V (34)
where p is pressure, T is temperature, p is density, and
¢, is the heat capacity at constant volume. Here,
A
S=E4-C (35)
A

where E represents energy absorbed and C is the heat
exchange due to infrared radiation. In the atmosphere,
the fractional pressure change is small for velocities less
than that of sound (Jefferys 1930). This permits eq (34)

to be approximated by
dr g

! Bt+o
w_—;;c_,, +0C)

dt Cp (36)

where ¢, is the heat capacity at constant pressure, g is the
gravitational constant, and w is the vertical velocity. [See
Ogura and Phillips (1962) for an analysis of the validity
of eq (36); Holton (1972) shows that eq (36) is rigorously
correct in a coordinate system where log p replaces z.]
As discussed in the introduction, the major source of

cooling in the region 22-61 km is the 15-um band of carbon
dioxide. This cooling is proportional to the local black-
body function (Rodgers and Walshaw 1966), which (for
the range of temperatures found in the stratosphere) can
be approximated as a linear function of temperature. Thus,
the cooling or thermal emission is

1

— O=—aT+b (37)

PCp
where a is a function of height. We use two different
distributions of ¢ and b:

1. (Lindzen and Goody 1965)

a=(17 days)™!
and
b=a (180)°K
and
2. (Dickinson 1973)

a==(10 days)™* (1 +z_—2;03_58_§>
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2<735.8 km,



a=(10 days)"+(5.64 dsys) (S5

35.8 ki <2<(50 km,
a==(4.63 days)™ 50 km <z<(54.4 km,
and

a=(4.63 days)™'—(26.3 days)~ (Z —54

54.4 km<z<61 km

with
b=a[195+41.09(2—48)]°K 2<48 km
and
_ (61—2)7 o
b=a [187—}- 157 K 2>48 km.

These two distributions, referred to as slow and fast
infrared cooling, respectively, offer a range of cooling
rates. They show the effect that changing the infrared
cooling rate has on the stratospheric temperature and
ozone distributions.

The energy source may be written’ as

A
=27’;€1 (38)
14

where r; is the number of reactions per second per cubic
centimeter for reaction ! and ¢; is the energy gain per
reaction. The ¢; consists of dissociation energy, D, and
solar energy absorbed, £,  With these definitions, eq (33)
becomes

E=2r(EAD). (39)

Solar energy absorbed by O, O,, H;O, and NO, contrib-
utes to the source terms as:

Z:TzE t=h;ozqzn02+k;oa(€lsa+ @30) Moy
+h;NOZQNoznN02+h;H20q320nH20 (40)

where

j=02, 03, HOz, NOz
(41)

¢;(2)= |a,1,, exp (";aﬂf) dv

and
St fa,.yla, exp (—Sasz,) dv. (42)
7

Here, a,(») is the absorption cross section in square centi-
meters of the jth constituent, I,»is the photon flux incident
at the top of the atmosphere, z, is the total number of
molecules per square centimeter of the jth constituent
between the top of the atmosphere and the altitude z,
k is the Planck constant, and 7, is the mean frequency of
solar photons absorbed by the jth constituent. Representa-~
tive variations of (gs, + o) nog GMog  TEl0ME0 and
gnoyMno, With height are shown in figure 1. It is apparent
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that

(@30t ga0) 0> a0,
and

(@30 F @30) M0g>Gr,0Mm,50

at all heights. Since h;oa/h;oz and Ii;oa/fi;uzo vary between
l_a,nd'l/3, the term hwoy(@3a+qan) o, is mauch larger than
hvmyofuonmo OF hro,gsno, at all heights. The latter two

terms, therefore, may be neglected in eq (40). Above 30
km,

k;’-oa(gza + st)noa>>7l;moﬂNoan02~
Below 30 km, the ratio A

(Qaa+£lao)n03>8

_—

Inoy Mo,

provided the mixing ratio of NO, does not exceed 3108
(the value used in calculating gyo,nno, for fig. 1). Since

Mo o7

h;NOZ
below 30 km, the term
h;oa (Gaa+30) noa> h;NOﬂNoanoz

at afl heights; and the latter term is neglected in eq (40).
Then eq (40) becomes

$TzEz=‘~h;os(Q3a+Qab)nm¢- (43)

The second part of the energy source term in eq (39)
can be written as

3020 g (32)=5P00m (G2 (2)]

+D(HO ), 7 ( “°2>

D(OH)n,,, [ 4 ("°H

~L b0, [gi (n::2>+ (=]

+D(N02)n,,.gt- ’_g’_ (44)

it (7))

where I)(j) is the dissociation energy of the jth constit-
uent. We have evaluated eq (44) in detail and have
found that its contribution is always small. We will spare
the reader the specifics. (Note that eq (44) is identically
zero for equilibrium.)

Thus eq (34) becomes

dT+w ——~n¢—aT+b (45)

where
- 7,
7)=—"}Wo3(93a+93b) —% (46)
- £Cp
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Figure 1l.—Absorption of solar photons by NO,; 0, H;0, and
Oj; as a function of height.

It is apparent from eq (45) and (46) that the equilibrium
temperature is determined by the approximate balance
between absorption of solar ultraviolet energy by ozone,
n¢, and cooling due to infrared emission by the 15-pm
band of carbon dioxide, —aT+-b.

4. RADIATIVE-PHOTOCHEMICAL EQUILIBRIUM

The photodissociation rates and energy absorption all
vary with the solar zenith angle; thus local'changes. in
temperature and composition have a time scale of 1 day.
The photochemical relaxation time scales are less than 1
day above 35 km for all constituents, so calculations made
with the local time changes in composition neglected
should still give realistic distributions of constituents.
However, the thermal relaxation time scale is & minimum
of 2-3 days (see sec. 5). An estimate of the daily variation
in temperature due to changing zenith angle of the sun
can be made. The maximum energy absorption per day
is at 50 km; therefore, the maximum daily variation in
temperature would be expected at this height. At 50 km,
the energy absorption rate at noon is about 3X107%°
J.cm~%.s7!, Roughly one-half of this energy goes to main-
tain the mean temperature. The noontime flux is also
about half the amplitude of the diurnal oscillation in
absorption. Then, from eq (45), the daily variation in
temperature is estimated by

a(T )d

=(1¢)a—a(T), (47)
where the subscript d refers to the daily variation and
a=(10 days)~!, p=10"% g-cm~?, and ¢,=1J.g7.°K-%, Thus
(T)4=2°K, which is small enough that calculations made
with the local temperature change neglected should still
give realistic estimates of the temperature.

In the temperature relation [eq (45)], the advective

terms are
aT aT g
6 z + ( +c_,,) (48)

The size of the winds and temperature gradients can be

estimated from Leovy (1964a, 19645) who calculated
thermally driven circulations in the stratosphere and
mesosphere. Between 35 and 61 km, the mean advective
terms are at least an order of magnitude less than the
remeining terms. For example, at 50 km, 87/dy=3X
107*°K/km, dT/dz=0, v=0.6 m/s, w=0.08 cm/s, and
g/e;=10°K/km; therefore, the vertical advective term
is approximately 8X107® °K/s, and the horizontal advec-
tive term is approximately 2X10~® °X/s. Since the cooling
term aT—b is approximately 10~* °K/s, the advective
terms can be neglected in the temperature equation.
Similarly, the advective terms in the continuity equations
can be neglected. For example, at 50 km, the vertical
scale for the ozone mixing ratio is about 24 km ; therefore,
the time scale for change due to advection is approxi-
mately 3X107 s. At 50 km, the ozone relaxation time is
5.4X10® s; thus the adyective terms can be neglected.
Below 30 km, however, the ozone relaxation time scale
increases rapidly to 33107 s while the advective time
scale decreases. Therefore, below 30 km, the advective
terms are important in determining the ozone distribution
in the atmosphere.

Eddy transport of heat, as well as that due to the mean
circulation, must be considered. Murgatroyd (1970) has
calculated representative values of transient and standing
eddy fluxes at several latitudes and heights (up to about
24 km) for the solstices. From his values, we estimate the
vertical and horizontal eddy transport terms to be less
than 107%°K/s in the summer hemisphere and equator-
ward of 40° in the winter hemisphere. Above 24 km, esti-
mates of the eddy heat transport terms are scarce. Murga-
troyd (1970) gives standard deviations of temperature and
zonal velocities from their mean values for heights up to
60 km. From these values, a rough estimate of

61)' T’

<2X1075°K]/s

can be made for all latitudes in the summer hemisphere
and equatorward of 30° in the winter hemisphere. The
standard deviation of the vertical velocity is not given;
but if it is not more than a few centimeters per second,
then use of the scale height as the vertical scale yields

a'“:.j T 10-s°Ks

at all latitudes in the summer hemisphere and equator-
ward of 50° in the winter hemisphere. These estimates of
the eddy transport of heat are crude, but they indicate
that, away from the polar regions, these eddy transport
terms can be neglected when compared to the cooling
term aT—b~10"*°K/s [especially if one only wants a
gross estimate of the temperature (within 10°K or so)].
The possibility also exists that the tides excited by solar
heating could produce mean fluxes of importance to the
mean thermodynamic budget. Careful checks, using the
the results of Lindzen and Blake (1971), indicate that
this is not the case below 90 km. Thus radiative-photo-
chemical equilibrium seems appropriate from 35 to 61 km.
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For radiative-photochemical equilibrium, eq (22), (23),
and (45) become

0=0C— A¢*>— Boy— F X9, (49)
0=D¢+G— Ey*, (50)

and
=—aT+b+n¢. (51)

The distribution of ¢, ¥, and T with height for equilibrium
is found by solving eq (49), (50), and (51) simultaneously.
The solution depends on the mixing ratios of water vapor
and the nitrogen oxides and on the values of the rates
used for the reactions listed in table 1.

As indicated in the preceding paragraphs, these three
equations are valid for the height range 35-61 km. Below
this height, the photochemical and thermal relaxation
time scales become long enough that the neglected terms,
particularly the advective terms, should be retained to
find temperature and ozone distributions that agree with
those observed. For convenience, eq (49), (50), and (51)
are used for the entire height range 22-61 km, with the
stipulation that the resulting radiative-photochemical
equilibrium distributions are not expected to agree with
those observed below 35 km.

An equilibrium solution also depends on 7, ¢a., @ss,
¢n,0, 80d gno,, Which are calculated at each height using eq
(41), (42), and (46). The spectral region 1755-3950 g is
divided into 38 frequency intervals, and the region 4750-
7000 & is divided into four intervals. Below 61 km,
nearly all photodissociation of O,, O3, H:O, and NO; is due
to absorption of photons in these two spectral regions.
Incident photon fluxes, I,,, are obtained from Kondratyev
(1969) for the spectral regions above 3100 A and from
Brinkmann et al. (1966) for the region below 3100 A.
Hinteregger (1970) suggested that the photon fluxes
found in Brinkmann et al. (1966) for the spectral region
below 1800 A may be too large by as much as a factor of 3.
Below 61 km, the absorption of photons with energies
corresponding to wavelengths less than 1800 A makes
only a small contribution to dissociation rates of O,
03, H,, and NQ, (since they have already been absorbed
by O,). Therefore, the question of the magnitude of
photon fluxes for the spectral region below 1800 A is not
important for our calculations.

Actual cross sections, a; for absorption by the jth
constituent vary with frequency. For each frequency
interval, the average cross section, a; was used. Cross
sections for O; are from Griggs (1968) and Inn and Tanaka
(1953); those for H;O are from Watanabe and Zelikoff
(1953) and Thompson et al. (1963); and those for NO; are
from Hall and Blacet (1952) and Nakayama et al. (1959).
It is more difficult to determine the appropriate cross
section for O, in a given frequency interval due to the
presence of the Schumann-Runge absorption band, which
has numerous narrow rotation lines. One way of treating
the absorption in the Schumann-Runge band is to consider
the absorption cross section for Q. as a function of both
frequency and path length (Hudson et al. 1969). Then it
is possible to divide the atmosphere into vertical layers and

790 / Vol. 101, No.11l / Monthly Weather Review

f:a,lculate the absorption coefficient of a given frequency
interval for each layer (Brinkmann 1969). The atmosphere
between 61 and 22 km is divided into 24 layers.

The water vapor mixing ratio is not well determined in
the stratosphere. Some observations (Mastenbrook 1968,
Schélz et al. 1970) indicate values of 3X10-%~5X10~° at
29 km and 3X107°-10X107° at 50 km. The value of the
mixing ratio used at a given height is important at lower
heights only if water vapor is a significant absorber of
solar photons or if the hydrogen reactions strongly affect
the ozone density since ozone is a strong absorber of solar
energy. In the height range 22-61 km, the attenuation of
incoming solar radiation due to absorption by water vapor
is negligible. Hydrogen reactions are dominant in deter-
mining the ozone density above 40 km for a water vapor
mixing ratio of 5X107°. The height above which the hydro-
gen reactions are dominant increases with decreasing water
vapor mixing ratio. Since attenuation of solar energy by
ozone is small above 50 km, it is only at heights below this
that the vertical distribution of water vapor above is
important. The effect of varying the mixing ratio of water
vapor with height is not investigated here. For con-
venience, the mixing ratio for water vapor is assumed to
be constant with height and is varied from 0 to 1078, 1077,
107, 1.5X107%, 5X107%, or 107° in our various runs, not
all of which will be described. We will describe the most
realistic results, leaving the effects of other values to
discussion.

As indicated in section 2, the vertical distribution for
the mixing ratio of the nitrogen oxides, NO and NO,,
is not well known. The mixing ratio of nitrogen oxides,
K, is defined in eq (21) and may be written by use of
eq (14) as

K=(1+R;)X. (52)
Since the vertical distribution for the mixing ratio of
nitrogen oxides is uncertain, the expedient choice is made
of setting K as constant with height. Again, while values
of K ranging from 107® to 3X1077 were used in our
computations, only the most realistic results will be shown
in detail.

Reaction rate coefficients (for reactions 5-26, table 1)
are somewhat uncertain. Three different sets of rates are
used for reactions 5 and 6 (the pure oxygen reactions);
these three sets are listed in table 2. The rates for reactions
7-26 are individually increased or decreased by a factor
of 10, and the equilibrium distributions of constituents
and temperatures are recalculated. Note that the rates
for reactions involving HNOQO, are not known. We assumed
that these rates are the same as those for similar reactions
involving HNO;. This assumption is admittedly a guess,
which permits an estimate of the number density of
HNO,. If the shorter equilibrium time scales ¢(HNO,)
and {(HNQ;) are used, then the equilibrium estimate
of HNO, by eq (18) is adequate for the current work.
If the equilibrium time scales for HNO,; and HNO,
are the larger values given in section 2, then the equilib-
rium distributions are not valid estimates. In that case,

NO and NO, are gradually converted into HNO. and



HNO;, which act as sinks for odd nitrogen. This conver-
sion would be more important at lower altitudes in the
stratosphere where destruction by photodissociation
is less than that at higher altitudes. If HNO; and HNO,
increase in the lower stratosphere, upward as well as
downward diffusion can occur. As HNO; and HNO,
diffuse upward, they will be dissociated and contribute
to the NO, at the height where the dissociation occurs.
It should be noted that the equilibrium number density
for HNQO; estimated from eq (15) is closer to observed
values (Murcray et al. 1969) when the longer time scales
are used (i.e., smaller photodissociation rates).

In solving eq (49), (50), and (51), consideration must be
given to the fact that the thermal emission, as repre-
sented in eq (51) by —aT+5, occurs 24 hr a day while the
absorption of solar energy and the photochemistry, as
given by the other terms in the three equations, occur
only during the daylight hours. The average of these time
dependent terms over 24 hr, therefore, is needed for the
equilibrium calculations. Time dependent calculations,
which will be reported elsewhere, indicate that a good
approximation to the time-averaged value of time -de-
pendent terms for heights between 35 and 60 km can be
found by dividing the noontime value of the terms by 2.5.
Since absorption of solar energy at a given height is also a
function of latitude, equilibrium calculations are made
at two latitudes, 0° and 45°.

Figures 2 and 3 (0° latitude, equinox) and figures 4 and
5 (45° latitude, equinox) show the radiative-photochemical
distributions of temperature and ozone number density
for four cases: (1) O (hydrogen and nitrogen reactions
neglected), (2) H4O (nitrogen reactions neglected),
(83) N+4O (hydrogen reactions neglected), and (4)
N+H+O. For all four cases, the rates in set 3 (table 2)
are used for reactions 5 and 6, and the fast vertical
distributions are used for ¢ and b. When the nitrogen
reactions are included, the mixing ratio for nitrogen
oxides is 3X107%; when the hydrogen reactions are
included, the water vapor mixing ratio is 1.5X107¢

Differences among the four different cases are most
striking in the temperature profile (figs. 2, 4). The O case
shows a linear increase in temperature up to 45 km and
then a very small change in temperature above. The in-
clusion of the nitrogen reactions decreases the equilibrium

temperature and ozone density below 45 km and has little -

effect on the distributions above 45 km. The temperature
below 45 km is considerably reduced (approx. 20° K) from
the pure O case, and the ozone density below 40 km is also
considerably reduced (approx. 40 percent at 40 km to a
factor of 3 at 22 km).

Inclusion of the hydrogen reactions has little effect
below 45 km; but above this height, it strongly reduces
the ozone density and temperature from the values found
for the pure O case. When the hydrogen reactions are
included, they are dominant in determining the tempera-
ture and ozone density above 45 km even when the nitro-
gen reactions are also included. Most significantly, there
appears to be no way of producing & temperature de-

crease of the observed magnitude above the stratopause
without including hydrogen reactions.

Water vapor must be dissociated before the resultant
constituents H, OH, and HO, can act by means of the
hydrogen reactions to reduce ozone density and thus
temperature. It might be expected, since the mixing
ratio of water vapor is assumed constant with height,
that the hydrogen reactions would be important at all
heights, not just above 45 km. However, the dissociation
of water vapor is strongly height dependent. The photo-
dissociation of water vapor below 61 km is due to ab-
sorption of solar radiation with energies corresponding
to wavelengths below 2000 A, which are strongly at-
tenuated below 85 km due to absorption by O, and O,.
As a result, qu,0 decreases from 4.3X107%™! at 61 km

to L.1X1074s™1 at 22.5 km. Water vapor is also disso-
ciated in reaction 8, and the rate of dissociation depends
on the density of O*. According to eq (6), the density of
O* is proportional to gs, which is the absorption rate
of radiation by ozone below 3100 A. The radiation below
3100 A is significantly attenuated below. 45 km, and
¢s» decreases from 8X107%~! at 45 km to 1.1X107%?
at 22.5 km. The dissociation of water vapor, therefore,.
increases with height; and as a result, the hydrogen
reactions are more important to equilibrium distribution
of ozone density and temperature with increasing height.

Equilibrium temperature profiles are shown in figure 6
for the three different sets of rates for reactions 5 and 6
and for the two cooling rate coeflicients, fast and slow.
The mixing ratio used for water vapor is 1.5X107%, and
the mixing ratio used for nitrogen oxides is 3X10~%. The
slow cooling rate coefficient (a~1=17 days) is 3.5 times as
long as the fast one (¢7'=4.83 days) at 50 km. From eq
(51), one might expect that a decrease of 3.5 in @ would
lead to an increase of 3.5 in (7T'—b/a) rather than the
factor of 2 increase (at 50 km) indicated in figure 6. Such
is not the case since the ozone density itself is strongly
temperature dependent through reactions 5 and 6 and
increasing the temperature decreases the ozone density
and thus the absorption of energy. Therefore, the equilib-
rium temperature is byffered against change. An altera-
tion in the cooling is partly compensated for by a corre-
sponding alteration in the heating, so the fractional change

_ in the equilibrium temperature is actually much smaller

than the fractional changes in either the cooling or heating.

Coupling of temperature and ozone density is obvious
for an O atmosphere (neglecting the hydrogen and
nitrogen reactions) since eq (49) becomes

0=C—Ag¢* (53)

and, from eq (26) and (9),

A=2(93a+Qab)ks (54)

n02k5 -
in which the ratio ky/k; is strongly temperature dependent.
Note that, for each set of rates for k; and ks in table 2,
the ratio kg/k; is strongly temperature dependent. In
fact, the temperature dependence of ky/ks for set 1 is

November 1973 / Blake and Lindzen / 791




T — T T T T T T T T T llT'll‘ L ‘rllll!l‘ T 1'||1||1‘ T T T 1T 1rriT
H o° LATITUDE 4 0° LATITUDE
...... 0 . o
e H+0 )
or —— = N+O 7 oE e HeO b
H+N+O ~==~ N+O
r I H+N+0O ]
60 - . 4
- B
T | 3
*s0l 1 & 1
-
- 4 4
z ]
w9k - W g
w
W T
- 4
BOT— -{ 4,.“ -
2,
] i)
20} -1 9
p
i ! 4 [ 1 1 1 L 1 Voo eald vl to ot gl (RS RY
160 180 200 220 240 260 280 300 320 340 360 109 " 1o 0° 0"
TEMPERATURE (°K]}

Figure 2.—Radiative-photochemical equilibrium temperature for
0° latitude at the equinox as a function of height.

exp(—3395/T"), which is very close to that of exp(—3295/T)
found for set 2. The temperature dependence of set
3 is somewhat less at exp(—2920/7). When hydrogen
reactions are dominant in determining the ozone density
(as appears to be the case above 45 km for a water vapor
mixing ratio of 1.5X107%, it might appear that the
temperature dependence of the ozone density would be
greatly reduced since the hydrogen reactions do not
bhave rates that are strongly temperature dependent.
Above 45 km, eq (49) can be approximated, by use of eq
(27) and (9), as

0=C—B¢y (55)
where (above 45 km)
Bz2(q3a+g30)k9_ (56)
TNo,its

[Note that —A¢® still makes a sizable contribution to
the destruction of ozope up to 52 km; but this form,
eq (56), is used to illustrate the specific effects of the
hydrogen reactions.] It is true that k, is not temperature
dependent, but k; is strongly temperature dependent.
Therefore, the presence of hydrogen reactions does not
eliminate the buffering of the temperature profile. This
result should be expected since the hydrogen reactions
only destroy ozone, whereas the production of ozone by
reaction 5 is temperature dependent no matter what
destruction processes are dominant. Equaticns (55) and
(56) indicate that the ozone density and, thus, the temper-
ature profile above 45 km are dependent on the rate used
for reactlon 5. The temperature profiles in figure 6, where
three different values are used for the rate of reaction 5,
show this dependence. Thus the mixing ratio of OH is
proportional to the square root of the water vapor mixing
ratio. From eq (49), it is apparent that the importance
of the hydrogen reactions to the ozone mixing ratio is
directly proportional to B¢y. Thus increasing the water
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Fraure 3.—Radiative-photochemical equilibrium ozone number
density for 0° latitude at the equinox as a funetion of height.
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F1gURE 4.—Same as figure 2 except this is for 45° latitude at the
equinox.

vapor mixing ratio both increases the importance of the
hydrogen reactions at a given height and decreases the
height at which the hydrogen reactions become dominant
in determining the ozone mixing ratio.

The mixing ratio of OH may be estimated from eq (50)

as ENT
=("57)

The use of eq (30), (31), and (32) in eq (57) gives

(57)

/A 1/2
" s;f:b‘#_l_qnzo (@)1/2'
T (s t-Bokers)nn o

(58)
Above 45 km, eq (13) may be used for R.. That is,

k Rogn \
~ s Ogft27
R2 kll (1+n02nmk10) ’ (59)
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Fi1gure 5.—Same as figure 3 except this is for 45° latitude at the
equinox.

and eq (58) becomes

172
(k‘s’%abfﬁ +sy0 Vous
7

. e 1| ()"
kgku’nm <1+—M‘) N

(60)

o Mmk 10

Also, above 45 ki, we may use an approximate form of
eq (33); that is,
B=2R k. (61)
Equations (59), (60), and (61) are not used in our
radiative photochemical equilibrium calculations; but they
are useful in estimating the effect of varying the rates for
the hydrogen reactions.

From eq (60), it is apparent that changes in kg, &y, ki,
ks, and k;, will be indistinguishable in their effects from
changes in the assumed water vapor mixing ratio. The
effect of varying the water vapor mixing ratio has been
discussed previously. We shall return to this matter later
in evaluating our quantitative results.

The effect of the nitrogen reactions on the ozone mixing
ratio is indicated in eq (49) by — F¢X. Use of eq (28),
(14), and (21) plus the fact that Riks >kis at all heights
yields
_2B.kin. Ko

FeX =~—1R,

(62)

Using eq (14), we estimate that E;<{1 below 35 km and
R;=R\k/k1; above 35 km. Therefore, below 35 km,

F¢X =2R.kyn..Ké; (63)
and above 35 kim,
2R kygn, K¢
F ~ 170167 vm. .
X Rk (64)
kyy
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Figure 6.—Radiative-phbtochemical equilibrium temperature as a
function of height for 0° latitude for an N + H -+ O atmosphere.
The three sets of reaction rates are in table 2.

From eq (63) and (64), it is apparent that variations in
ki or ky; may be equivalently expressed as changes in K,
the mixing ratio of nitrogen oxides. The effect on the
ozone mixing ratio due to varying the nitrogen oxides
mixing ratio has already been indicated.

Finally, note that, below 30 km, the photochemical
time scale for ozone is so long (several weeks to years)
that dynamical effects can be significant. It follows that
joint radiative-photochemical equilibrium calculations
should not be expected to give results in agreement with
observed temperature and ozone density distributions.
Above 35 km, both the photochemical time scale (<1
day) and the radiative-photochemical cooling time scale
(about a few days) are short enough that dynamical
effects are unimportant. Therefore, equilibrium calcula-
tions should give appropriate values of ozone density and
temperature.

Figures 26 clearly show that distributions of tempera-
ture and ozone density depend on values used for pa-
rameters such as reaction rate coefficients, cooling time
scale, and mixing ratios of water vapor and nitrogen
oxides. These parameters can be adjusted to yield distri-
butions that best match the observed distributions of
ozone density and temperature. Comparison of ozone
measurements made by several investigators (Van Allen
and Hopfield 1952, Johnson et al. 1954, Rawcliffe et al.
1963, Miller and Stewart 1965, Weeks and Smith 1968,
Hilsenrath et al. 1969) shows a range in number density
as large as an order of magnitude at some heights in the
35-61 km region. Since the temperature in this region
is much better determined as in COESA (1962) or Valley
(1965), temperature rather than ozone density is used
to determine the match of the equilibrium calculations
to observations.

The supplemental atmosphere (tropical) in Valley (1965)
has a stratopause temperature of 270°K with 243°K at
35 km and 250°K at 61 km. In fitting the equilibrium
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temperature profile to the supplemental atmosphere, we
wish to match the stratopause temperature and the slope
of the temperature profile above and below the strato-
pause. In figures 2, 4, and 6, the stratopause temperatures
are 270°-285°K for all cases with the fast cooling rate co-
efficient and 315°-335°K for all cases with the slow cooling
rate coefficient [e=(17 days)™]. As previous discussion
indicates, the equilibrium temperature at 50 km can be
lowered by increasing the water vapor mixing ratio.
However, increasing the water vapor mixing ratio also
increases the magnitude of the slope of the temperature
profile between 50 and 61 km. As figure 6 shows, there is
approximately a 30°K decrease in the equilibrium tem-
perature between 50 and 61 km for a water vapor mixing
ratio of 1.5X10% and the slow cooling rate coefficient.
Thus increasing the water vapor mixing ratio to lower the
315°-335°K temperature at 50 km will lower the equilib-
rium temperature far too much at 61 km. Therefore,
the fast cooling rate coefficient is used to model the equilib-
rium temperature. Also, set 3 for the pure oxygen
reaction rates is used since this set is most recent.

Temperature profiles in figures 2 and 4 indicate that
cases with water vapor absent have a nearly constant
temperature above 50 km while cases with a water vapor
mixing ratio of 1.5X107® show a decrease of about 25°K
between 52 and 61 km. Larger values for the water vapor
mixing ratio exhibit an even larger decrease in equilibrium
temperature above 50 km; this larger decrease is umn-
acceptable since the supplemental atmosphere (Valley
1965) has only a 20°K decrease from 50 to 61 km. As eq
(60) and (61) indicate, a decrease in the dissociation rates
of water vapor, a decrease in ky; or ko, or an increase in
k. would mean the water vapor mixing ratio must be
increased to maintain the same calculated equilibrium
temperature. Thus the water vapor mixing ratio that
gives the best fit to the supplementary atmosphere is
1.5X107% only for those hydrogen reaction rates found in
table 1. However, it is necessary to include the water
vapor reactions to produce the decline in temperature
above 50 km.

Temperature profiles in figures 2 and 4 show that in-
clusion of the nitrogen reactions reduces the equilibrium
temperature below 45 km and has only small effects above
45 km. At 0° latitude, for the nitrogen oxides mixing ratio
used (3X107%), the equilibrium temperature at 35 km
is about 238°K as opposed to 265°K when the nitrogen
reactions are neglected. The inclusion of the nitrogen reac-
tions is necessary to lower the equilibrium temperature
to that of the supplementary atmosphere at 35 km.
However, it should be noted in figure 2 that the equilibrium
temperature at 46 km is 281°K, which is 14°K higher than
the 267°K at the same height in the supplementary at-
mosphere (tropical). The equilibrium temperature at 46
km can be reduced to 267°K by raising the nitrogen oxides
mixing ratio to 10~7. Changing the water vapor mixing
ratio does not work since the match at 50 and 61 km
would then be removed. A nitrogen oxides mixing ratio of
107 yields an equilibrium temperature of 224°K at 35 km,
which is 20°K lower than the supplementary atmosphere
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(tropical) has at 35 km. Thus to model the temperature
between 35 and 46 km, one must increase the nitrogen
oxides mixing ratio from 3X107% at 35 km to 10~7 at 46
km. Above 46 km, the nitrogen reactions have less effect;
and very large changes in the nitrogen oxides mixing ratio
would yield only small changes in the equilibrium- tem-
perature. Below 35 km, we do not expect to model the
temperature correctly without including dynamical effects;
therefore, no particular value for the nitrogen oxides
mixing ratio can be spceified. Finally, from eq (64), it is
apparent that the mixing ratio of nitrogen oxides needed
to give a particular temperature distribution is altered
when the reaction rates ks and k,; are altered.

The preceding results, while interesting, are not as
important as the fact that the system we have developed
is simple enough to permit the immediate evaluation of the
effects of various changes and the identification of ques-
tionable rate coefficients. We shall now use this simplicity
to assess and extend these results.

In the preceding scheme, we have essentially asked
what amount of ozone is necessary to produce the observed
mean temperature between 35 and 60 km. The amount is
less than what one would obtain from simple oxygen
chemistry. So we further inquired how much H,O and
NO; would be needed for the various catalytic destructions
of ozone to that needed. We obtained answers to these
questions for the reaction rates and cooling rate coeffi-
cients used. The density of ozone calculated is within the
range of the few existing observations. Near the upper
limit, however, the results are questionable on at least
two counts:

1. The suggested mixing ratio for NO, at 50 km (1X1077) is
higher than has hitherto been suggested.

2. The mixing ratio for H,O suggested (1. 5><10"6) is less than
currently believed.

As noted previously, the mixing ratios needed to pro-
duce given temperature and ozone distributions may be
changed when reaction rates are changed. However, for the
sake of illustration, let us consider a change in another
parameter, the cooling rate coefficient, a. The value of a
at 50 km for the fast profile is a=(4.63 days)~!, which is
larger than most previously used values. Suppose a is
reduced to a=(5.79 days)~!. From eq (51), it is obvious
that the amount of ozone must be reduced by 20 percent
to maintain the same temperature. This reduction still
leaves the ozone number density within the range of the
observations.

With 20 percent less ozone at 50 km, the loss terms due
to hydrogen and nitrogen reactions must be increased in
eq (49). For this example, the reaction rates are assumed
correct; therefore, this can be achieved by increasing the’
mixing ratios for NO, and H.O. Since our value for the
mixing ratio of nitrogen oxides is already large, only the
latter possibility is considered. To allow for 20 percent
less ozone, we must increase the mixing ratio for water
vapor from 1.5X107® to 5.4X107% This larger value is
within the range of observations (Mastenbrook 1968,
Schélz 1970).



TasLe 3.—Values for the variables used in eq (49) and (1) for the
N+ H+0 case shown in figures 2 and 3 (case I) and for the case
with the reduced cooling rate coefficient (case II).

Case I Case IT
B 2.86 X105 s 2.86X106 s}
F 520X 10¢ st 5.20X10¢ s
¢ 412100 3.30X10°¢
a 25108 s-1 2.0X10-% st
’73’0/""‘ 1,510 5.4<10-¢
K 3.00<10-8 3.00X 108
C 5.61X 10710 g1 5.61X10"10 g1
X 2.38X10710 2.38X 10710
¥ 2.28X 1010 3.88X 1010
Ry 0.140 0.140
R, 1.00 1.00
R, 125 125
A 14.2 g1 14.2 g!
T 270°K 270°K
7 114.2 °K/s 114.2°K/s

The reader may verify the results described in the
preceding two paragraphs or determine the effect of
changing other parameters by using table 3. In this table,
the values at 50 km are given for the quantities found in
eq (49) and (51). Case I is the N+H+O0 case shown in
figures 2 and 3, and case II is that just discussed with the
cooling rate coefficient, a, reduced to (5.79 days)™.

It appears that a plausible choice for the NO, mixing
ratio between 35 and 50 km is 3-10X107% This is con-
siderably more than what is expected will be produced
by full scale supersonic transport (SST) operations
(Johnston 1972). The SST fleets will be operating at 20
km, whereas the mixing ratios have been found for the
region where photochemical equilibrium obtains (above
35 km). Indeed, it is the region above about 30 km that
is the primary photochemical source and sink region for
lower levels, which are coupled to the higher levels through
hydrodynamic transport. NO, deposited at SST levels
will probably be converted to HNO; and HNO,; however,
the HNOs and HNO, may then be transported upward to
levels where they will be photodissociated yielding NO,
again. The change in NO, at heights of rapid chemistry
due to SST’s may be on the order of 5 percent of our
estimated ambient NO,. At these heights, a change of 5
percent in NO, should not produce a similar change in
¢ since nitrogen reactions are not the only loss processes
for ozone and also because of the thermal buffering,
which we have previously discussed.

5. RELAXATION TIME SCALES

Suppose we consider small perturbations from the
radiative-photochemical equilibrium state calculated in
section 4. Only local perturbations are considered. That is,
we are asking how the system behaves if it is perturbed
from equilibrium at one height while equilibrium condi-
tions exist at other heights. Then linearization of eq (22)
and (23) yields equations that can be solved for the time

scales for return to radiative-photochemical equilibrium.
With winds neglected, the equations are

a¢, '4 ’ ’
3=~ B¢—Cv-GT, (65)
%= De'—Ey—-FT1, (66)
and
%Zt’—=n¢’—aT ’ (67)

where (using primes for perturbation quantities and over-
bars for equilibrium value)

¢=$+¢’)
y=y¢+y/,
T=T+T",
ﬁ@’=%’ (valid for small pressure perturbations),
_ 24+ By(1+5)+FX(1+e)
B= oy ’ (68)
__Bs |
% [aZ;H- (3 —5252)73‘\7"}' (f + EZ)FX]
0
- ¢,
D=t 1)
_ 2Ky ,
g_m, (72)
and
253
T
I=iim @3)

Further definitions are
a=14e;—e;,
’Y4='Y1+'Yz’
k16k15 v
LY
kv

ku+R————}§fq-f‘"‘

"=

kls)—(QNm
Rlazﬁmkﬂ ’
Ry Xk
y+—==

11+ R1¢
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w=k—mq]i—%;’a [812"‘ (2——85)]_"{1(615—|— em—g”)

—72[615—*‘1—617"‘(2"05)]:
. Qnog ,
Y (1-Ry) (@Timkerr)
€= — lelﬂ
? (14-R3)ker
g=7s

A k1l
9= " +a2k, R,

lers+(2—e5) —err]—er(1—eyr),
2<40 km,

2>40 km,

’Ya=’74(1 +%3)’

F=w—€xYs— 1

A ke
AF4) kR

2<40 km,

(et 1)t gy (a—2te)—1

22>40 km,
j=_1L2R1k16(elﬂ+2_e5)+k18318’
N 2R kst
ﬁ=_1+[(k9+R2kll)(2—ea)Rl +R1R2kuw+k12612]nm,
B
5 =73Rl}_3_2kllnm,
‘ B
62=6T;’314’
_T (i _
““k (dT 7 (=5, 18),

and [from the linearization of eq (24)]

’ ’ i
£—= €1 d—,:-{“ € —"

X ¢ T

The complexity of our coefficients in eq (65) and (66)
arises because some of the reaction rate coefficients, ki,
and the ratios R, R, and R; are temperature dependent
and the ratios R; and R, are also dependent on the ozone
mixing ratio. There are additional terms in eq (65) and
(66) that have been neglected since they are much smaller
than those retained. If there is no coupling, then the time
scale for return to equilibrium is B ™ for the ozone mix-
ing ratio, & ! for the hydroxyl mixing ratio, and ™! for
the temperature. The terms C¢’, GT", D¢, FI”, and
n¢’ represent the coupling between the photochemical
and radiative processes.

Equations (65), (66), and (67) may be combined to form

3 2 ¢’
[S+aZn 2is] @)zo
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(74)

where
M=a+ B + 6§,
N=BE +aB + o+ G+ CD,
S=8EaB+71QE+Ca®D — FCn.

and

Initial conditions are needed to solve eq (74). We
consider three cases:

L ¢ (=0=4(0),
¥’ (t=0)=0,
T’ (t=0)=0,
2. ¢’ (t=0)=0,
¥ (t=0)=¢(0),
T7(t=0)=0,
and
3. ¢’ (t=0)=0,
¥ (t=0)=0,
T’ (t=0)="T(0).
The solution for ¢’ for case 1 is
¢’ =¢(0) Ky e+ Kpne™ + Kne™;
the solution for ¢’ for case 2 is
V' =¢(0) Kype' + Kppes'+ Kyge™';
and the solution for 7" for case 3 is |
T =T(0) Kz + Kyer' -+ Ky,
The coefficients are defined as

K _=91+Vi(0'2+0'3)+‘72°'3,
Y (01—63)(0'1'—0'2)

K _201+VJ(¢73+¢71)+0’103,
2 (02“‘03)(02_01)

and .
0j+Vj(0’1+0’2)+0’10’2

(0'3—01)(03“02) ‘

Ka;":

where 3=1, 2, 3 and

Vi= @ ’

V=6,

Vi=a,

b= B'—1 G —CD,
6,=E*~CD,

03=a2—7] Q.
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Fioure 7.—Relaxation time scales in a pure O atmosphere. @ -t
and a-! are the relaxation time scales for Oy and temperature,
respectively, when the coupling between the photochemistry
and temperature is neglected; 7, and r; are the relaxation time-
scales for the Qj and temperature, respectively, when the coupling
is considered.

The values o3, 03, and o3 are roots of the cubic equation
o*+Mo?+ No+85=0,

which follows from eq (74).
For cases where the hydrogen reactions are neglected,
eq (74) reduces to

(75)

[Z+@tB® Z+aB+Gn]| (3 )0 @®)
with the sqlution for ¢’ (case 1) as
9" =¢(0) = ‘”+@ et ?:f e (77)
and the solution for 7 (case 3) as
=T(0) - "2+“ o1t IED (78)
g9~ 01
where
a=3{—(+B)—[(a—B)—mG '} (79)
and
er=}{—(a+B)+[(a—B)*—4n G} © (80)

In figure 7, time scales a7!, B 7L, r,[=—(Res;) '], and
7= —(Reoy) '] are plotted for the pure O case with set
3 for rates of reactions 5 and 6 and the fast profile of a.
(Here, Re signifies the real part.) The possibility of
complex ¢, and o merely means that the coupling results
in an oscillating decay of the perturbations. The time
scale (B 7! is several years at 22 km, decreases to about
90 min at 50 km, and then increases above 50 km to
about 1/10 day at 61 km. When coupling is included,
the actual time scale for thermal relaxation is r,; and that
for ozone relaxation is 7,. As shown in figure 7, coupling
results in a slightly more rapid ozone relaxation below
30 km and a slightly slower ozone relaxation above 30 km.

Below 30 km, coupling appears to cause a slower ther-
mal relaxation; however, as shown below, this is not the
case if we are considering short period waves (r<a~1). If
we write eq (79) and (80) as

o= —(a—-;@—% . (81)
and

o= _((1_—!—2@+% (82)
where

s=la~ By 4 G 1"

and then substitute eq (81) and (82) into eq (78), the
result is

T(O
25

T = [(@—a) (@Dt —g= Gty L 5(gG/DE Y g=GIDYY],
(83)

Now, §/2<(a+ B)/2; and if we consider an expansion of
e+ for time less than (5/2)~!, we then may write eq (83)

as
zT(O)e—g—:ﬁt [1 ——(“—'"2;@ t]

=T(0)e*.

(84)
or
(85)

"Thus if we are considering a wave with period 7<la™?,

then the actual time scale for thermal relaxation is not
but a™* below 30 km where eq (84) and (85) are good
approximations to eq (83).

Above 30 km, @B ! is much less than a~*; and coupling
between the photochemical and radiative processes re-
sults in more rapid thermal relaxation as shown in figure 7.
Lindzen and Goody (1965) also found that thermal
relaxation was more rapid above 30 km, though they
used a different set of rate coeflicients for reactions 5
and 6.

Above 40 km,
4( @ nta B)<(at+ B,

and .
@ -1<<a/—1 ;

therefore, eq (81) can be approximated by

__Gn

(86)

g1 = "‘-—-—
For the pure O case, eq (68) and (70) reduce to
B =244 (87)
and _
v -3
= = 88)
G =ad¢ 7 (
Use of eq (87) and (88) in eq (86) yields’
=l o _ o (89)
24¢ T 2T
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Fraure 8.—Relaxation time scales in an N 4+ H + O atmosphere,
Q_', 8_1, and ! are the relaxation time scales for O3, OH, and
temperature, respectively, when the coupling between the
photochemistry and temperature is neglected. The variables
75, 73, and r; are the relaxation time scales for Q; OH, and
temperature, respectively, when the coupling is included.

Substitution of eq (51) into eq (89) gives
b

ald a
1—% |

o=

2

(90)

From figures 2 and 4, we see that the equilibrium temper-
ature for the pure O case is nearly constant above 40
km ; therefore [from eq (90)], ¢, is nearly constant above
40 km as shown in figure 7.

The N4+H+O case requires the solution of eq (75).
Figure 8 shows the values ¢™!, B, and & ! as well as
11, 73, and 73 [=—(Reoss)™!] where 75 is the hydroxyl re-
laxation time scale when coupling is included. Set 3 is
used for rate coefficients for reactions 5 and. 6, and the
fast profile is used for a¢. The water vapor mixing ratio
is 1.5X107%, and the mixing ratio for the nitrogen oxides
is 3X10%. In figure 8 we see that, below 40 km, r,= & !
and 7, and 7, are approximately the same as for the pure
O case. This result is reasonable since we previously found
that inclusion of the hydrogen reactions has little effect
on the equilibrium distribution of temperature and ozone
density below 40 km. The only effect of the nitrogen
reactions is to shorten B ! at the lowest altitudes.

Above 40 km, the hydrogen reactions become in-
creasingly important as & ! increases while (8~ decreases.
The time scale for relaxation of a perturbation in the
ozone density or hydroxyl density is modified since there
is strong coupling between the ozone and hydrogen photo-
chemistry. The photochemical acceleration of the thermal
relaxation is modified but not eliminated. Above 40 km,
eq (86) is applicable; and

__Gn

o= ———

B
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Fiaure 9.—Thermal relaxation time scale, 7, as a function of height
for the cases considered in figures 2 and 3.

For the N 4+ H + O case above 45 km, eq (68) and (70)
reduce to

B =By (92)

and
(93)

e

C =6By

Thus substitution of eq (92), (93), and (51) into eq (91)

yields
b

o= —n =—pa\ 17 } (94)

As pointed out in section 4, the pure oxygen reactions
still make a sizable contribution to the destruction of
ozone up to 52 km. However, eq (92) and (93) are used to
illustrate explicitly what effect the hydrogen chemistry
has on the resulting time scales. A comparison of eq (90)
and eq (94) shows that the expressions for ¢, for the pure
oxygen reactions and for the hydrogen reactions differ
by «/2 in the first and B8 in the second. The quantities
«/2 and B merely express the temperature dependence of
ozone destruction due to pure oxygen reactions and to
hydrogen reactions, respectively. At 50 km, for example,
a/2 = 6 while 8 = 3. Thus the hydrogen reactions do have
a smaller temperature dependence, but this dependence
is not negligible above approximately 45 km where the
hydrogen reactions are important to the ozone destruction.
The fact that hydrogen reactions have a smaller tempera-
ture dependence than the pure oxygen reactions is clearly
illustrated in figure 9 where the time scales for thermal
relaxation, 7, are longer above 45 km for cases with the
hydrogen reactions included. However, the cases with
hydrogen reactions included still have = <a™!, which
shows that the temperature dependence of these reactions
is sufficient for photochemical acceleration of the thermal
relaxation to occur. Finally, the equilibrium temperature
for the N 4+ H + O case in figure 2 decreases nearly
linearly with height above 50 km while a also decreases.



From eq (94), it is apparent that both of these decreases
cause 7, to increase above 50 km as shown in figure 8.
Figure 9 shows 7, for four cases (O, H+0O, N+O,
and H+N+0O). It is apparent that inclusion :of the
nitrogen reactions causes a decrease in 7; between 36
and 25 km and an increase in 7, below 25 km and between
36 and 44 km. The last result can be explained most
readily by referring to the equilibrium eq (49), (50),
and (51). The effect of nitrogen reactions on ozone density
is contained in the term —¥F¢X; and above 35 km,
this term can be written [by application of eq (29), (14),
and (9)] as
FX¢=2'C17K¢Ynm. (95)
The effect of the pure oxygen reactions on ozone density
is contained in the term —A¢’; and from eq (26) and (9),
we have
A¢§=2(Qaa+93b) @g % (96)
no, ks
Comparing eq (95) and (96), we see that temperature
dependence of ozone density due to nitrogen reactions
is by ky; and the temperature dependence of ozone density
due to the oxygen reactions is by (ks/ks)'%. The temperature
dependence of k;; is much less than that of (ke/ks)!”
Thus the temperature dependence of F¢.X is less than that
of A¢?’. Between 36 and 45 km, the nitrogen reactions
as well as the pure oxygen reactions are important in
determing the ozone density. Since the temperature
dependence of F¢X is less than that of A¢? it follows
that including the nitrogen reaction increases 7, from
the value found when only the pure oxygen reactions
are included. (The hydrogen reactions are unimportant
below 45 km for the mixing ratio used.)

Between 25 and 36 km for all cases plotted in figure 9,
the time scale for cooling by the 15-pm band of CO,, a7,
and the photochemical relaxation time scale for ozone
(neglecting coupling), @B !, are comparable in size. There-
fore, a— @B is small; and [referring to eq (79) and (80)]

(a— B)*<47 (. Since r;=Re—(e1)7,

T :.‘-‘.-——2 o

o+ B
in this height range. The fast value for a is used for all
cases in figure 9. In this height range, however, cases
with nitrogen reactions included have shorter photo-
chemical relaxation time scales, @B ~!, than cases without
the nitrogen reactions included. Thus 7, is shorter when
the nitrogen reactions are included.

Below 25 km, the photochemical relaxation time scale,
B -, increases for all cases and is longer than the time
scale for cooling, a™*. For the cases with nitrogen reactions
included, a— @ is still small; and r,=2/(a+ B ) as de-
scribed in the preceding paragraph. Since @B ~'>a7!,

Tl> a_l.

However, for cases with nitrogen reactions neglected,
B ! becomes so long that the coupling between photo-

T T T 1T v 117 I T LAY LML L f_‘ T T — 1T 1T T1rr
—— SET |
70f -+-+++ SET 2} FAST .,
—— 56T 3
veees SET 2)SLOW .
60 r —l
_E 50} -
£ 1
[
G40
Y 1
30| 4
r .y ]
20| .
i y S S | J_Il i i i i 1L J_L —t 1 L 4t .3 Li
107" 10° 10' 0?

TIME CONSTANT (days!

Figure 10.—Thermal relaxation time scale, »;, as a function of
height for the cases considered in figure 6.

chemistry and temperature is negligible. When coupling
is negligible, the thermal relaxation time scale is just
the time scale for cooling; or r,=a™'. Obviously, below
25 km the inclusion of nitrogen reactions increases the
thermal relaxation time scale as compared to values
found when no nitrogen reactions are included.

Figure 10 shows 7, for the N+H--O case when three
different sets of rates for reactions 5 and 6 and the two
values for ¢ (fast and slow) are.used. Above 45 km, eq (90)
and (94) both indicate

b
A =—Ka (1—%’)

where K is B if the hydrogen reactions dominate and K
is between «/2 and 8 if the pure oxygen reactions are also
significant in the ozone destruction in this region. Since
the equilibrium temperature varies with different sets of
rates for reactions 5 and 6 (fig. 7), so does 0.

As discussed in section 4, the effect of varying rates for
reactions 7-18 can be shown by varying the water vapor
mixing ratio or the mixing ratio of nitrogen oxides.
Resulting values of r, are within the range of those shown
in figures 9 and 10.

The results show that coupling between radiative and
photochemical processes leads to an acceleration of thermal
relaxation above 36 km for a wide range of reaction rates
and other parameters. The minimum value of 7, is between
1.5 and 2 days at 45-50 km for fast ¢ and between 4.5
and 6 days at 34-50 km for slow ¢. When the hydrogen
reactions are neglected, r, is nearly constant above 50
km; when the hydrogen reactions are included with a water
vapor mixing ratio of 1.5X107%, 5, increases with height
above 50 km from a value of 2 days at 50 km to a value
of 3.3 days at 61 km for fast a. Therefore, the Newtonian
cooling rate coefficient to be used in the temperature
equation for dynamical problems in the stratosphere
above 36 km is not @ but 7. Moreover, ' seems large
enough to dissipate internal Rossby waves.

(97)
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6. CONCLUSIONS

In this paper, we have developed quantitatively justi-
fiable simple models for the radiative heating and the
complicated ozone photochemistry of the stratosphere
between about 20 and 60 km. These models permit the
immediate evaluation of the effects of various chemical
and physical quantities on the temperature and ozone
distributions in the stratosphere. It should be emphsized
that a major difference in our scheme from other simplified
schemes is that ours is a joint radiative-photochemical model.
A purely photochemical model can lead to ozone densities
that are in the range of observations but which, if used
in the energy equation, lead to temperatures greatly
different from those observed. Since the temperature pro-
file at 35-60 km is determined much better than the
ozone density distribution, it is obviously preferable to
use the equilibrium temperature profile to check the effect
of varying mixing ratios and reaction rates. We show that
the region 35-60 km should (away from Arctic regions)
be in approximately joint radiative-photochemical equi-
librium, and we use our simple models to calculate this
equilibrium. We show that the interaction of radiation
and chemistry significantly buffers the temperature and
ozone distributions in the stratosphere so that rather large
changes in cooling rates and reaction rates lead to much
more modest changes in ozone and temperature. We also
show that, given an observed distribution of mean tem-
perature, we can (assuming accurate knowledge of reaction
and infrared cooling rate coefficients) determine the
amounts of water vapor and nitrogen oxides needed to
produce the ozone distribution, which would in turn lead
to the observed temperature. This procedure is facilitated
by the fact (which we demonstrate) that hydrogen reac-
tions are significant loss processes for ozone above 45 km
while nitrogen reactions are important below 50 km. Thus
there are regions where nitrogen and hydrogen reactions
are individually rather than jointly important. Unfor-
tunately, reaction and cooling rate coefficients are not
accurately known. Howeverpeour simplified equations can
still be used as diagnostic tools. In this manner, we show
that an internally consistent description of observed dis-
tributions of temperature and ozone in the stratosphere
can be obtained with a time scale for infrared cooling vary-
ing from 10 days at 35 km to 4.63 days at 50 km, a mixing
ratio for nitrogen oxides (NO+NO,) of about 3-10X1078,
and & mixing ratio for water of about 1.5-5X107% The
question of normal NO, mixing ratio has assumed con-
siderable importance recently because it is believed that
proposed SST operations may add about 1X107° to the
NO, mixing ratio. The present calculations suggest that
the SST contribution will be only 3-5 percent of the
ambient amount; and because of the thermal buffering of
the system, the effect of this addition on ozone density
should be less than 3-5 percent.

We also used our simple models to calculate the joint
radiative-photochemical relaxation of perturbations in
temperature, ozone mixing ratio, and hydroxyl mixing

800 / Vol.101, No. 11l / Monthly Weather Review

ratio away from their equilibrium values. We find that,
for all photochemical models considered, the photo-
chemistry greatly accelerates thermal relaxation as cal-
culated simply on the basis of infrared cooling. The time
scale for the latter is about 4.63-10 days. The actual time
§cale for thermal relaxation when photochemistry (which
1s temperature dependent) is included proves to be only
1.5-2.2 days. These shorter scales imply greatly enchanced
damping for hydrodynamic waves in the stratosphere.
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